ABSTRACT This paper presents an ultra-wideband metal-mountable antenna used in the ultra-highfrequency (UHF) partial discharge (PD) detection. The designed antenna combines a coplanar waveguide antenna and multilayer substrates to effectively broaden its bandwidth when mounted on a conductive surface. These substrates consist of two layers of FR-4 dielectric substrates and two layers of the absorbing gasket, which is adapted to absorb the reflected electromagnetic signals. The parametric study is conducted to optimize antenna performance. A prototype is fabricated to confirm the design, and the measurement results show good agreement with the simulation. When mounted on the metal plate, the proposed antenna covers the UHF bandwidth of 400 MHz-3 GHz for S 11 < −10 dB with a compact size (282 mm × 242 mm × 8.75 mm). As the thickness of the antenna is only 8.75 mm, the safety distance of electric insulation in electrical equipment will not be affected. A PD experiment has been carried out, and a reference antenna is used in the experiment for comparison. Compared with the conventional antenna, the proposed antenna has a better performance when mounted on the metal plate. It is shown that the designed antenna is a very good candidate for UHF PD detection inside of high-voltage equipment.
I. INTRODUCTION
High-voltage electrical equipment is the fundamental facility in electric power system, of which insulation level directly determines the power reliability. PD as the potential threat directly affects the insulation safety of high-voltage electrical equipment and power system [1] , [2] . The detection of PD is of great significance to evaluate the insulation condition of electrical equipment [3] . When PD occurs in power equipment, it generates pulse current, electromagnetic emission, heat and so on. For these physical phenomena, scholars have proposed methods such as temperature detection, pulse current detection, and ultra-high frequency(UHF) detection to measure the PD [4] , [5] . As its advantages in anti-interference ability and high sensitivity, the UHF detection has become a common method to judge the insulation condition of electrical equipment [6] - [8] .
For UHF PD detection method, the sensitivity of antenna directly affects the performance of the detection system.
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Thus various types of UHF antennas have been designed for PD detection and those UHF antennas are mainly classified into two types: external antenna and internal antenna [3] , [9] - [11] . External antennas are mainly used for external insulation detection and built-in antennas are installed inside of the electrical equipment such as GIS, transformer and switchgear for PD detection. Due to the small internal space and safety distance for insulation requirement in electrical equipment, most UHF built-in antennas are designed as planar antennas to reduce their height. Simultaneously, these UHF antennas are mounted on the grounded metal surface of electrical equipment. While in the past design for internal antenna in PD detection, the influence of conductive surface on antenna is neglected. When these antennas are placed in the proximity of metal, its image current can reduce bandwidth, change the output impedance and deteriorate the radiation efficiency significantly [12] . Therefore, these designed antennas cannot meet the requirements for ultra-wide band detection when mounted on metallic plane.
For the design of metal-mountable antenna, scholars mainly focus on the design of RFID antennas in the past decades. Gao et al. proposed to use the electromagnetic band gap (EBG) material for metallic objects tracking in Passive RFID [13] . Kim et al. used artificial magnetic conductor (AMC) loaded long-range passive RFID tag antenna mountable on metallic objects [14] . Inserting a highdielectric polymer-ceramic composite substrate between the dipolar tag and metallic object has been employed to improve the radiation performance [15] . In recent years, the microstrip patch antenna, planar inverted-F antenna (PIFA), and planar inverted-L antenna (PILA) have been used for isolating the tag antennas from their backing metal [16] - [19] . Usually, the bandwidths of these designed metal-mountable antennas are often in the range of tens of megahertz or few hundred megahertz [20] - [23] . Owing to this limitation, these antennas cannot cover the bandwidth of PD signal. Therefore, there is an urgent need to design a wideband UHF metal-mountable antenna for PD detection in power equipment.
In this paper, a monopole coplanar waveguide ultrawideband antenna, which is designed by combining FR-4 dielectric layer and absorbing gasket layer, is proposed to cover the UHF bandwidth of 400MHz to 3GHz for PD detection. Among these dielectric medium, two layers of absorber material are used to absorb the reflection of electromagnetic waves from the conductive surface. In comparison with the conventional antenna, the proposed antenna shows a better performance in PD detection when mounted on metallic objects. Owing to the simple structure of the monopole coplanar waveguide antenna, it can be easily fabricated. Since the thickness of the antenna is only 8.75mm, the proposed antenna would be a promising candidate for UHF PD detection when mounted on metallic plane of electrical equipment.
The paper is organized as follows: firstly, the geometry, design considerations and optimized design of the proposed antenna is described in Section II. The simulated, measured results and the discussions are detailed in Section III. Then a PD test platform is built in the laboratory to verify the PD detection performance in Section IV. Finally, a conclusion is given in Section V.
II. ANTENNA DESIGN AND ANALYSIS

A. DESIGN CRITERIA OF ANTENNA FOR PD DETECTION
For PD detection, the performance of the built-in UHF antenna in electrical equipment directly determines the sensitivity of the entire detection system [24] . As the internal space of the electrical equipment is narrow, these designed antennas are needed installed on the metallic plane of electric equipment. Therefore, the design of internal antenna for PD detection needs to consider the following criteria:
1) The frequency of the electromagnetic interference signal in electrical equipment is below 400MHz [25] . In addition, the discharge signal band covers the entire UHF range. Therefore, the bandwidth of the antenna requires a high cutoff frequency and wide bandwidth.
2) Since the built-in antenna is mounted on the inner surface of the metal casing in the high-voltage electrical equipment, the on-metal antenna should not be affected by the metal surface.
3) Due to the small internal space and the safety distance of electric insulation in electrical equipment, the inner antenna should also have a suitable size and shape, and its installation should not affect the insulation performance inside the power equipment.
B. ANTENNA DESIGN
Based on the design criteria and previous monopole coplanar waveguide antenna in literature [26] , an improved structure of metal-mountable ultra-wideband antenna which is incorporated with FR-4 substrate and absorbing gasket is proposed for the first time. Fig. 1 shows the top view of the improved configuration for the proposed monopole coplanar waveguide antenna with dimensions of L × W (282mm×242mm). It is made by depositing a thin layer of copper onto the surface FR-4 substrate, which has a relative permittivity ε r = 4.4 ∼ 4.5, and a dielectric loss tangent 0.12∼0.24 in the UHF range. The top radiation patch consists of an elliptical patch with dimensions of a × b, which is fed through a gradient feeder. At the intersection of the ellipse patch and the feeder, a circular patch with dimension r is used for the smooth transition. At both ends of the feeder are ground layers. In order to increase the current path length, the outer edge of the ground plate is adopted a curved structure. A breakdown diagram of the proposed monopole coplanar waveguide antenna integrated with various components is shown in Fig. 2 . The up layer is fabricated with 1 oz copper (35 µm thick). As is shown in the figure, the antenna consists of five substrate layers. Behind the substrate of FR-4 is a layer of absorbing gasket. The absorbing material adopted is ECCOSORB MCS, of which characteristic impedance is 60164 VOLUME 7, 2019 367.73 throughout the calculated frequency band. Simultaneously, the imaginary part of the relative dielectric constant and the imaginary part of the relative magnetic permeability have a large value in the UHF range, which can achieve the electromagnetic wave absorption. Since the characteristic impedance is close to the characteristic impedance(120π) of the free space, the electromagnetic wave transmitted through the FR-4 substrate into the absorber can simulate the propagation in free space, which significantly reduce the reflection and absorb the transmitted electromagnetic wave.
C. PARAMETRIC OPTIMIZATION
When the proposed antenna is mounted on metallic objects, many parameters influence the performance of the antenna. Despite the proposed antenna has a multilayer structure, the design theory is still based on the planar monopole antenna [27] . Thus, the size of the antenna is determined by the low frequency band, of which is mainly affected by the size of the radiation patch.
To investigate the effects of these parts, parametric optimizations are performed with the CST MWS tools. One parameter is changed at a time to observe its effects on the performance while other parameters are kept constant. The proposed antenna placed on the metal plate in simulation is shown in Fig. 3 .
1) OPTIMIZATION OF SHORT AXE (b)
For coplanar waveguide monopole antenna, the lower cutoff frequency is mainly determined by the long axe (a) and short axe(b) of the radiation patch. To investigate the effects of the short axis, the simulated S 11 (dB) with different values of b are plotted in Fig. 4 . It can be seen that when b varies from 40mm to 60mm, the cutoff frequency gradually decreases. Once it exceeds 60mm, S 11 rises rapidly. Considering that fluctuations of transmission coefficient in the designed frequency band are more stable at 60mm, b is designed to be 60mm. 
2) OPTIMIZATION OF LONG AXE (a)
For the long axis (a) of the radiation patch, it also influences the lower cutoff frequency. To investigate the effects of a, the simulated S 11 with different values of a are plotted in Fig. 5 . when a increases from 80mm to 100mm, the low cutoff frequency shows an upward trend. Once it exceeds 100mm, VOLUME 7, 2019 the cutoff frequency begins to drop. When a exceeds 120mm, the low cutoff frequency rises significantly again. Considering a is 120mm, the antenna covers the UHE bandwidth of 400 MHz to 3GHz band for S 11 < −10dB and the S-parameter fluctuates much more smoothly throughout the passband. Therefore, a is set as 120mm.
3) OPTIMIZATION OF FEEDING POINT
Due to the gradual structure of the feeder, the current density is too high at the intersection of the radiation patch and the feeder. In the design of the antenna, the circular feed point (r) is used to increase the current flow path. Subsequently, parametric study is conducted to analyses the effects of the crucial radius of the feeding point. Fig. 6 shows simulated S-parameters versus frequency at different radius. It can be seen that when the radius of the feed point ranges from 1.8mm to 1.9mm, the parameters of S 11 in the whole designed passband are less than −10dB. Therefore, considering the fluctuation in the whole passband, the radius of the feed point is designed to be 1.9mm. Based on these parametric results, the optimal geometrical parameters of the proposed antenna are summarized in Table 1 . 
D. EFFECT OF METAL CONDUCTOR ON ANTENNA
To further demonstrate that the combination of a coplanar waveguide antenna and multilayer substrates effectively broaden bandwidth of the antenna when mounted on metal conductor. Simulations for coplanar waveguide antenna and the proposed antenna are conducted and Fig. 7 shows simulated S-parameters versus frequency for two antennas. It can be seen that due to the influence of the metal conductor, the coplanar waveguide antenna has multiple narrow resonant bands and S 11 is greater than −10dB in most of the UHF band. The coplanar waveguide antenna cannot meet the requirement for built-in detection. This is mainly due to the superposition of reflected electromagnetic wave and incident electromagnetic wave to form standing wave on the surface of the metal, and this leads to the resonance phenomenon only at some points in the UHF range. Because of the high dielectric loss and hysteresis loss of the absorbing material in the multilayer substrates, the electromagnetic wave is absorbed in the multilayer substrates and the proposed antenna shows a better performance with S 11 < −10dB in the designed bandwidth. Figure 8 shows the simulation curves of group delay for the designed antenna. The group delay of the antenna is only about 2.5 ns in the low frequency band, while the group delay response of the antenna is relatively flat in high frequency range. Therefore, it can be obtained that when the detected PD signal transmits through the antenna, the waveform will not be seriously distorted.
III. FABRICATION AND MEASURED RESULTS
To verify the design, the antenna is fabricated based on the previous simulation parameters. The prototype of the proposed antenna is shown in Fig. 9 . The S 11 of the antenna placed on the metal plate with dimensions 400mm×400×5mm has been measured in the laboratory using a network vector analyzer. 10 depicts the simulated and measured S-parameters (S 11 ) of the proposed antenna. It is evident that the proposed antenna can satisfy the designed frequency band (400MHz ∼3GHz) for S 11 < −10dB when mounted on metal plate. Compared with the simulated curve, it can be observed that the measured value has some discrepancies between the measured values and the simulated values. In low frequency band, the difference between the measured and the simulated mainly comes from numerical errors. For high frequency range, this is mainly due to the set of ideal parameters for ECCOSORB MCS in simulation. With the increase of frequency, the difference between simulation and test results becomes more obvious. 
IV. PD EXPERIMENTS AND RESULTS
The proposed antenna is also tested on a PD platform when mounted on a metal plate. Fig. 14 shows the schematic of the VOLUME 7, 2019 test platform. The output of the single-phase transformer is controlled by a voltage regulator and the protection resistor is used to limit the overcurrent to protect the system. The PD occurs on the surface of contaminated insulator which is the mixture of diatomite and sodium chloride to simulate industrial pollution, and the antenna is connected to the oscilloscope via a coaxial line to record the waveforms of PD signal. Fig. 15 shows the PD set-up for antenna in laboratory. In order to increase the PD probability of the contaminated insulator, a humidifier is used to increase the air humidity. To simulate a metallic environment in a high voltage switchgear, a copper plate of 800mm × 800mm × 3mm was placed on the back of the antenna.
For comparison of the receiving performance of the proposed antenna, an antenna in [24] is used to detect the PD signal at the same time. The operating frequency band range of the reference antenna is 0.5-1.5GHz as is shown the S 11 curve in Fig. 16 . Owing to the randomness of the PD, two antennas are mounted on the metal surface at a horizontal distance of 940mm to the PD source. Fig. 17 and Fig. 18 show the time-domain waveforms and spectrum waveforms of PD signals received by two antennas at 5kV and 7.5kV, respectively. It can be seen from Fig. 17(a) and Fig. 18(a) , that the maximum amplitude of the PD signal detected by the designed antenna exceeds 65mV, while the antenna in literature detects a PD signal with a maximum of 48mV. It also can be obtained from Fig. 17(b) and Fig. 18(b) that the energy of PD is mainly at the range form 400MHz to 800MHz. At the same time, it can be found that the spectral amplitude of the reference antenna shows a significant drop from 450MHz to 550MHz while the proposed antenna shows much more stable fluctuation in the main frequency band of PD. This is due to the fact that the designed antenna can avoid electromagnetic reflection from the metal plane, making the detected signal spectrum more stable in the entire frequency band, which demonstrates that the designed antenna has better performance than the reference antenna.
V. CONCLUSIONS
In this paper, an ultra-wide band metal-mountable antenna for UHF PD detection in high voltage equipment has been proposed. By parametric study, the effects of various parameters on the antenna performance have been carefully examined. The proposed antenna consists of a coplanar waveguide antenna and multilayer substrates, which contains 2 absorbing layers and 2 FR-4 layers. The bandwidth performance of the proposed antenna has been investigated, which demonstrates that the proposed antenna mounted on a metal plate can cover the UHF bandwidth of 400MHz to 3GHz. As the thickness of the antenna is 8.75mm it can ensure that the safety distance of electric insulation will not be affected inside of electrical equipment.
A good agreement is obtained between the simulation and the measurement results. Moreover, a PD experiment was carried out to verify the performance of the proposed antenna. In contrast with the reference Antenna, the proposed antenna has wider band and sensitivity when mounted on metal background. The research is valuable for the antenna development and the proposed antenna can be a very promising candidate for UHF PD detection inside electrical equipment. 
